Background. Analysis of volatile organic chemicals in breath holds promise for noninvasive diagnosis and monitoring of patients, but investigation of this in experimental mouse models has been limited. Of particular interest is endogenous production of carbon monoxide as a biomarker of inflammation and, more particularly, during sepsis.
Sepsis, a systemic inflammatory response to infection [1] , merits attention as an application for breath analysis. Mortality from severe sepsis still exceeds 25% [2] , and the nationwide incidence remains steady [3] . As an aid for diagnosis and management of sepsis, several biomarkers are available [4] , including procalcitonin [5] ; however, these assays require a blood sample, and hours may elapse before results are known. When a patient's status is rapidly changing, and resuscitative and therapeutic maneuvers are under way, real-time data on progression or resolution of the sepsis state are of critical importance [3] . Breath analysis is attractive for this aim, because it is noninvasive and allows for repeated measurement at the bedside, with little biohazard risk to health-care workers [6] .
To this end, we applied the analytical capabilities of atmospheric chemistry for detection and quantitation of volatile organic chemicals in the breath to an infection experimental model in mice [7] . With only approximately 0.05% the mass of an adult human, mice pose a technical challenge for breath analysis. But this was achieved with individual, unanesthetized animals and nose-only sampling lasting only a few minutes. This previous study revealed that carbon monoxide (CO) concentrations, normalized for carbon dioxide (CO 2 ) content, in the exhaled breath of infected mice rose with the bacterial burden in the blood and then fell within a few hours of effective antibiotic therapy. CO concentrations in the breath correlated with levels in the blood of heme oxygenase-1, whose enzymatic action on heme is the principal source of endogenously produced CO [8] .
Increased heme oxygenase-1 expression in response to sepsis, oxidative stress, and inflammation has been documented in human patients (reviewed in [9] ) and in experimental models of infection [10] . But the parameter of CO in the breath had been little studied in this respect in laboratory models. Here we report our findings with a single dose of lipopolysaccharide (LPS) in 2 different strains of immunocompetent mice.
METHODS

Reagents
Escherichia coli 0111:B4 LPS, which had been phenol-extracted and chromatographically purified by gel filtration and then passed through 0.2-µm pore-sized membrane as a 1.0-mg/mL aqueous solution, was from Sigma-Aldrich (catalog L5293). The LPS solution or water was further diluted for use in phosphate-buffered saline ( pH 7.4) solution in endotoxin-free Milli-Q (Millipore) water.
Mouse Experiments
The protocol was approved by the Institutional Animal Care and Utilization Committee of the University of California, Irvine. Eight-to 10-week-old male BALB/cJ, C3H/HeJ (Tlr4
Lps-d
), and C3H/HeOuJ mice were obtained from the Jackson Laboratory (Bar Harbor, Maine). Mice were housed in isolator cages, kept on a 12-hour light-dark cycle, and provided with autoclaved bedding, water, and food. Solutions in volumes of 250 µL were injected intraperitoneally. During terminal anesthesia, blood, spleens, and lungs were obtained. Spleens were weighed, and lungs fixed in 10% buffered formalin were processed for histopathology at the Comparative Pathology Laboratory at the University of California, Davis. Plasma samples were subjected to bead-based immunoassays at Myriad RBM (Austin, Texas) for the 59 analytes of the RodentMAP version 2.0 panel. Quantitative reverse transcription polymerase chain reaction for the mouse heme oxygenase-1 gene (HMOX1) and β-actin transcripts was carried out as described on total RNA extracted from whole blood [7] . Standards were clones of the targets in a plasmid vector. HMOX1 messenger RNA (mRNA) copies were normalized per 1000 copies of β-actin mRNA.
Collection and Analysis of Exhaled Breath
Breath samples from individual lightly restrained, unanesthetized mice were obtained with a nose-only multiport collection chamber and attached high-efficiency particular air filter and electropolished stainless steel canister as described previously [7, 11, 12] . Mice were first accommodated over 4 days of training to restraint without distress or interference with respiratory effort. Mice were observed throughout the sampling for signs of struggling or discomfort. Connected to the inlet of the chamber by stainless steel flex tubing was a pressurized cylinder of ultrapure air, which was collected at 10 000 feet elevation at the University of California's Crooked Creek White Mountain Research Center. As reported, the collected samples were effectively diluted approximately 10:1 from flushing with the ultrapure air [7] . The duration of the sampling for each mouse was between 3.8 and 4.0 minutes. Blanks for collection periods were taken from room air, which was filtered, constantly kept at 22°C, and in a smoking-free facility. The processing of the breath samples for determination of CO and CO 2 by a Hewlett-Packard 5890 gas chromatograph equipped with a flame ionization detector and thermal conductivity detector was carried out as described previously [7] . For CO, accuracy and precision were 1% and 2 parts per billion by volume, respectively; corresponding values for CO 2 were 1% and 3 parts per million by volume. CO concentrations were normalized by dividing the total CO in parts per billion by volume by the integer value for the percentage of CO 2 content and representing this unitless value by the term "CO/CO 2 ." Change from the pretreatment breath sample in a subsequent sample for a given mouse was expressed as "ΔCO/ CO 2 ". For means and differences, 95% confidence intervals are given in parentheses. Parametric (t test and analysis of variance) and nonparametric (Kruskal-Wallis) tests for continuous data were 2-tailed and performed with SYSTAT software, version 13.
RESULTS
We first examined selected host responses to the doses of LPS for the experiment. Adult BALB/c mice were injected intraperitoneally with 50 µg or 250 µg of E coli LPS or water at hour 0. Individual mice were bled and euthanized at 4 or 24 hours after injection, and serum samples were analyzed by immunoassays for selected biomarkers of inflammation and innate immunity (Supplementary Table 1 ). Two mice injected with water alone had interleukin 6 (IL-6) levels of 5.2 pg/mL and ≤3.7 pg/ mL after 24 hours; corresponding interleukin 10 (IL-10) levels were below the lower limit of quantitation for the assay. In contrast, at 4 hours after injection, the IL-6 levels were 2350 pg/mL for 50 µg LPS and 10 400 pg/mL for a 250-µg dose; corresponding IL-10 levels were 2040 pg/mL and 4440 pg/mL. At 24 hours the IL-6 level was 253 pg/mL and the IL-10 level was 1030 pg/mL in a mouse that received 250 µg LPS. Other elevated mouse serum proteins, cytokines, or chemokines after the LPS injections included CD40 ligand (CD154), tumor necrosis factor α, macrophage inhibitory protein 1β (CCL4), monocyte chemotactic protein 1 (CCL2), and vascular endothelial growth factor A ( Table 1 ). In a separate experiment under the same conditions, the ratios of HMOX1 transcripts to 1000 actin mRNAs in whole blood were 3.4 in an untreated animal, and 21.3 at 4 hours after a 50-µg dose of LPS, 25.7 at 4 hours after a 250-µg dose, and 25.5 at 24 hours after a 250-µg dose in other individual mice. The magnitude of the elevation of heme oxygenase-1 gene expression in the blood was similar to what was observed with a bacteremia model [7] .
These results were evidence of a systemic inflammatory response to the LPS and suggested that an experimental time frame of approximately 3 days was suitable for a single dose. For the breath analysis experiment itself, male adult BALB/c mice, weighing 22-27 g, were accommodated to the breath collection apparatus. Then breath samples were noninvasively collected on each of 2 days at hours −47 and −23 as a baseline before intraperitoneal injection of LPS at hour 0 in a single dose of 0 (n = 3), 50 (n = 3), or 250 µg (n = 4). Breath samples were collected at hours 4, 10, 25, 30, 49, 73, and 121.
The ΔCO/CO 2 values increased over the first 24 after LPS injections and then declined over the next 2 days (Figure 1 ). Mice given 250 µg had higher and later peak values than did mice with the 50-µg dose, and the decline was slower. A 250-µg dose mouse that had highest change in value from baseline, 816, died before the hour 49 collection. There was trend toward lower CO/CO 2 values for the control mice over the course of the experiment, possibly attributable to further accommodation to collection conditions and diminishing stress [9] . For the collections at hours 10, 25, and 30, after control mouse values had already declined from baseline measures, there were significant dose-response differences between groups in absolute CO/ CO 2 values (Figure 1, inset) .
This experiment confirmed the importance of normalizing CO for the CO 2 concentration in samples. With just CO concentrations in the collected samples, no differences between the treated mice and controls would have been noted. Injected endotoxin suppressed locomotor activity and food intake in studies of mice [13, 14] . We next examined the specificity of the CO response to endotoxin by studying C3H/HeJ (Tlr4 Lps-d ) mice, which, as the consequence of a spontaneous mutation in the Toll-like receptor 4 gene, are more resistant to endotoxin. These were compared with mice, which are congenic but wild-type with respect to endotoxin sensitivity. We first assessed the effect on HMOX1 expression in the blood of individual mice at 4, 18, and 42 postinjection of 0, 50, 100, or 250 µg LPS. The responses of the C3H lineage mice were similar to what was observed with BALB/c lineage mice (Figure 2 ). In the subsequent experiment, C3H/HeOuJ or C3H/HeJ mice received LPS at 10 µg/g of body weight (5 HeJ and 6 HeOuJ mice) or water alone (3 HeOuJ mice). Breaths were collected before the injections and then at 4 hours and 24 hours postinjection, followed by euthanasia. The mean and variances of preinjection body weights of the groups were not significantly different (Table 2 ). Figure 3 shows the CO/CO 2 ratios for the hour 24 collection for the groups. The endotoxin-resistant mice were indistinguishable on this basis from the wild-type mice injected with buffer alone. These groups also significantly differed in ΔCO/ CO 2 from the hour 0 values at hours 4 and 24 ( Table 2) . As expected, the wild-type mice injected with LPS had at the highest values for HMOX1 expression in the blood at hour 24 among the groups, but there was also moderate elevation for this parameter among the endotoxin-resistant mice as well. The mean HMOX1 copies were 7.1 ((95% These results indicated that the effect of LPS on CO production was at least partially mediated through Toll-like receptor signaling and downstream pathways. They also confirmed the correlation between the heme oxygenase-1 activity in the blood and CO production, but also that transcription of HMOX1 may moderately increase in the blood without a concomitant increase in CO in certain backgrounds.
Another possible explanation for increased heme oxygenase-1 activity is hemolysis and resultant heme burden [9] . However, there was no increase in haptoglobin after LPS treatment of the BALB/c mice (Table 1) , and the treated HeOuJ mice did not have reduced hematocrit levels or larger spleens compared with treated HeJ mice (Table 2) . Finally, histopathologic evaluation of hematoxylin and eosin-stained sections of the lungs showed no difference between HeOuJ mice who had received LPS (n = 3) or water (n = 3), an indication that increased exhaled CO was not attributable to pulmonary pathology [15] . .57 .03 <.0001 <.0001 <.0001
Abbreviations: ΔCO/CO 2 , mean change in carbon monoxide to carbon dioxide ratio; HeJ, endotoxin-resistant mutant; HOuJ, wild type; LPS, lipopolysaccharide. a Mean difference (95% confidence interval).
b Two-tailed t test.
DISCUSSION
A key feature of this experimental model is the collection of breath samples from awake individual mice over a period of a few minutes. The final sample comprises what the mouse has inhaled and exhaled during the period of collection. Because it is the product of several breaths and not a single breath, we need to adjust for the amount of exchange of oxygen and carbon dioxide between the mouse and the environment, that is, respiration, during the time period of collection. The total accounting of respiration over a given period of time depends on basal metabolism, body temperature, and physical activity. The amount of respiration over a given time can be estimated by the difference between the input air and collected sample for either oxygen or carbon dioxide. Unless the organism is moribund, these values should reciprocally correlate over a broad range. A further analysis of data collected from mice with and without bacteremia in our previous study [7] showed that oxygen uptake and carbon dioxide production are highly correlated for the set of both infected and uninfected animals (Supplementary Material). This indicated that CO 2 concentrations in the sample are suitable as gauges of respiration during the collection period. Because there is a substantially greater differential for CO 2 than for O 2 between concentrations in ambient air and exhaled breath, the former parameter is preferable for analytical and interpretation purposes. While the endotoxin-treated and untreated mice exhaled similar amounts of CO during the collection in both this and the previous study [7] , the endotoxin-treated and infected mice exhaled less CO 2 during the same collection than did the control mice. When the differences in respiration between the mice are taken into account by normalizing by CO 2 concentration, then the elevated amount of CO in the exhaled breath becomes apparent and significant. An example of a comparable clinical situation is the collection of exhaled breath over a period of time from a patient on a ventilator. Normalization of the CO for CO 2 output may be as relevant for potential medical applications as it is for this experimental animal model. If the CO 2 concentration was simply a stand-in for CO measurement under all conditions, then there would not be the observed divergences in that relationship for endotoxin-treated mice (Figure 1 ) or for infected mice [7] .
We did not measure in breath the concentration of nitric oxide (NO), another possible biomarker for inflammation. In a study of mice treated with the same LPS and in the same dosage, NO in the exhaled breath rose approximately 30% by 10 hours after injection [16] . In the present and previous study [7] , CO/CO 2 values were about 200% of the controls' values at a similar time interval. In comparison to CO, NO is reactive in the presence of oxygen and has a short half-life in the blood [17] . Nitric oxide measurement is suited for assessments of inflammation of the respiratory tract [18] , but may be less informative when the source of the gas is in other organs or the blood itself.
The findings extend the experimental model circumstances in which the CO to CO 2 ratio in the breath of mice is elevated. They indicate that this is attributable to the host's inflammatory response and not directly to a microbial pathogen. Whether enhanced CO production is for good or ill remains to be determined, but the results encourage further investigation of CO in the breath as a noninvasively sampled analysand that potentially could be measured in real time at the bedside. Numerous handheld CO detectors are available for such purposes as detection of hazardous levels of the gas in the environment or for monitoring adherence to smoking cessation programs. However, these devices are limited in their performances to minimums in the low parts per million range [19] , whereas endogenously produced CO yields exhaled breath concentrations in the midparts per billion range. In the present study, CO was measured with gas chromatography instrumentation designed for detection of volatile organic chemicals in concentrations down to parts per trillion. For possible medical applications, such instrumentation would be impractical and cost-prohibitive. For this, other technologies such as infrared laser spectroscopy [20] can be adapted for this purpose. 
